INTRODUCTION {#sec1-1}
============

Diabetes mellitus (DM), most notably abnormal glucose metabolism, is one of the main global causes of mortality and morbidity. It is estimated the prevalence of this disease will have increased to 439 million people worldwide by the year 2030 ([@ref1]). Previous studies have demonstrated that hyperglycemia-mediated oxidative stress plays a pivotal role in complications of diabetes mellitus ([@ref2][@ref3][@ref4][@ref5][@ref6]). Since most drugs available for treatment of diabetes are associated with adverse side effects ([@ref7]), trying to find new hypoglycemic agents with strong antioxidant properties and lower side effects is imperative ([@ref2][@ref3]). One of the most important natural antioxidant is *Crocus sativus L*. (saffron) belonging to Iridaceae family, which has been used globally as a spice and a traditional medicine for many centuries. Therapeutic features of saffron including hypoglycemic, anti-inflammatory, anticarcinogenic, antidepressive, and antioxidant activities were previously confirmed *in vitro* and *in vivo* ([@ref8][@ref9]). Heat shock proteins (HSPs), also called stress proteins, are a highly conserved and ubiquitously expressed family of proteins that respond to a wide variety of physical and metabolic stress, including oxidative stress.

Following exposure to various types of stress, the synthesis of HSPs is rapidly initiated ([@ref10]). Subsequently, HSPs prevent protein denaturation and protect tissues against oxidative stress-induced damage. Hyperglycemia in diabetes stimulates free radical production leading to cell damage ([@ref11]). Free radicals such as reactive oxygen species play crucial role in the pathophysiology of several diseases such as diabetes ([@ref11]); therefore, agents with antioxidant properties may have the potential for limiting the diabetes progression ([@ref12]).

Glucokinase (GK) is one of the most important enzyme in glucose metabolism pathway resulting in lowering plasma glucose. In contrast, glucose 6-phosphatase (G6Pase) is one of the enzymes in gluconeogenesis pathway that causes an increase in blood glucose. Considerable evidence has suggested HSPs ([@ref13]), GK ([@ref14]), and G6Pase ([@ref15]), as associating proteins in glucose homeostasis and consequently diabetes. To date, few studies have investigated to find the molecular mechanism of saffron hypoglycemic action. In addition, the impact of saffron on the expression of HSP-27, HSP-70, heat shock factor 1 (HSF1), GK, and G6Pase, which involve in glucose homeostasis, has not yet been reported. A better insight into the saffron mechanisms of action would enhance the therapeutic potential of this agent either alone or in combination with other antioxidant agents. So, this study was designed to investigate the hypoglycemic effects and antioxidant capacity of saffron stigma extract (SSE) in streptozotocin (STZ)-induced diabetic rats.

MATERIALS AND METHODS {#sec1-2}
=====================

 {#sec2-1}

### Chemical and reagents {#sec3-1}

STZ was purchased from Sigma-Aldrich Corp (St. Louis, MO, USA). Fasting blood glucose assay kit was procured from Pars Azmun (I.R. Iran). Insulin ELISA assay kit was supplied by Glory Science (Zhejiang, Thailand). First Strand cDNA synthesis kit was purchased from Fermentas, Massachusetts, USA. Trizol extraction reagent was purchased from Bioneer, Daejeon, Korea.

### Study design {#sec3-2}

In this study 35 adult male Wistar rats (28 diabetic and 7 healthy control), weighing 225 ± 25 g, bred and raised at the university animal quarters were used. The rats were housed in cages and given standard chow diet and water *ad libitum*.

Type I diabetes was induced by one intraperitoneally injection of STZ (60 mg/kg body mass) before the beginning of treatments. After two weeks, animals with a plasma glucose concentration over 16 mmol/L, were considered diabetic. The 28 diabetic rats were randomly divided into 4 groups (*n* = 7) as follow, the first two groups were treated orally with 25 and 100 mg of ethanolic extract of SSE per kilogram body weight for 21 days, respectively ([@ref16]), the third group was diabetic control group and received 1 mL normal saline daily and the forth group of diabetic rats defined as positive control received once daily oral dose of glibenclamide (0.6 mg/kg) ([@ref17]). Seven healthy rats received 1 mL of normal saline daily during this period and were defined as the healthy control group. At the end of the experiment, blood samples were collected and plasma levels of glucose and other biochemical factors were measured. For gene expression analysis, the liver and pancreas of animals were quickly removed and placed in liquid nitrogen. All animal procedures were approved by the Ethical Committee of Birjand University of Medical Sciences, Birjand, I.R. Iran in accordance with the Institutional Animal Ethics Committee using the ir.bums.REC.1395.60 Code.

### Plant material and extraction {#sec3-3}

Saffron stigma provided from Birjand, South Khorasan, I.R. Iran was air-dried in shadow and grounded into fine powder by a grinder.

Fifty g of saffron powder was extracted by 2 L of ethanol (50% v/v) by refluxing for 48 h. The obtained extract was vacuum-evaporated to obtain the crude extract (6 g, extraction yield 12%). Based on the treatment dose (25 or 100 mg/kg), required quantity of the crude extract was dissolved in distilled water (1 mL) before oral daily administration.

### Plasma glucose and insulin assay {#sec3-4}

At the end of treatment period (21 days), level of glucose and insulin was measured in blood samples. Fasting blood glucose was assayed using commercially available kit based on colorimetric method (sensitivity 0.06 mmol/L). For detection of insulin level, specified ELISA kit was used and followed the manufacturer's recommendations (sensitivity 0.17 U/mL). For evaluation of pancreatic β-cell function, the homeostatic model assessment (HOMA) β-cell function was also assessed by the following equation ([@ref18]):

HOMA-β = (20 × I~0~)/(G~0~ -- 3.5)

in this equation, I~0~ and G~0~ represent fasting plasma levels of insulin (μU/mL) and glucose (mmol/L), respectively.

### Evaluation of oxidative stress status {#sec3-5}

Total antioxidant capacity in different groups was measured using ferric reducing antioxidant power method based on Benzie *et al*. procedure. The method is based on the reduction of Fe^3+^-tripyridyltriazine complex (colorless complex) to Fe^2^+-tripyridyltriazine (blue colored complex) formed by the action of electron donating antioxidants at low pH. This reaction is monitored by measuring the change in absorbance at 593 nm ([@ref19][@ref20]). Plasma level of malondialdehyde (MDA) as a marker of lipid peroxidation was measured using thiobarbituric acid reactive substances (TBARS) method ([@ref21][@ref22]). TBARS is a well-established assay for screening and monitoring lipid peroxidation. A mixture of plasma samples and TBARS reagent was heated in a boiling water bath and absorbance was finally measured at 532 nm.

### Pancreatic islets count assay {#sec3-6}

For evaluation of saffron potential in regeneration of pancreatic beta cells, number of pancreatic islets was calculated. After fixation of pancreatic tissue in 10% formalin, 5 μm thick sections of blocks were prepared, stained with hematoxylin and eosin and examined under a light microscope and the average number of pancreatic islets per cm^2^ was calculated based on our previous study ([@ref23]).

### RNA extraction and gene expression analysis {#sec3-7}

In liver and pancreas tissues, gene expression level of desired genes was studied. For this, the liver and pancreas tissues of rats were removed and quickly placed in liquid nitrogen. Total RNA from the excised tissues of different groups was extracted with the Trizol reagent, in accordance with the manufacturer's recommendations. The RevertAid H minus first strand cDNA synthesis kit was used to reverse-transcribe 1 μg of RNA in a final volume of 20 μL. Real time polymerase chain reaction (RT-PCR) of β-actin (reference gene), HSP27, HSP70, HSF1, GK, and G6Pase was carried out using specific primers identified in [Table 1](#T1){ref-type="table"}. The reaction mixture consisted of 2 × ABI SYBR green PCR master mix, 2 μL cDNA and 0.2 μL of each primer. Amplification was performed in the ABI Step One RT-PCR system (Applied Biosystems, Foster City, CA, USA) with 40 cycles of denaturation at 95 °C for 30 s, annealing and extension at 60 °C for 30 s, and data collection at 80 °C for 20 s. The intensities of the mRNA levels were normalized to those of the β-actin product. The relative gene expression between the groups was assayed using 2^-ΔΔCT^ method ([@ref24]).

###### 

The primer sequences used in real time polymerase chain reaction.

  --------------------------------------------------------
  Genes           Sequences
  --------------- ----------------------------------------
  HSPA4 (HSP70)   Forward: 5'-TGGCATTTTCAGTGTGTCCAG-3'\
                  Reverse: 5'-CACCTGCATCTTCTCTTCTTCCT-3'

  HSF1            Forward: 5'-CTGGCCAGCATTCAGGAACTT-3'\
                  Reverse: 5'-GTAGTGCACCAGCTGCTTTC-3'

  HSPB1 (HSP27)   Forward: 5'-CCCTGGACGTCAACCACTTC-3'\
                  Reverse: 5'-AGCCATGTTCATCCTGCCTT-3'

  GK              Forward: 5'-TGGTGCTTTTGAGACCCGTT-3'\
                  Reverse: 5'-GAAGCCCCAGAGTGCTTAGG-3'

  G6Pase          Forward: 5'-CGTCACCTGTGAGACTGGAC-3'\
                  Reverse: 5'-ACGACATTCAAGCACCGGAA-3'

  β-actin         Forward: 5'-GTCCACCCGCGAGTACAAC-3'\
                  Reverse: 5'-GACGACGAGCGCAGCGATA-3'
  --------------------------------------------------------

HSP, heat shock protein; GK, glucokinase; G6Pase, glucose-6-phosphatase

### Statistical analysis {#sec3-8}

The data are expressed as mean ± SD. Statistical analyses of the results were performed using oneway ANOVA (Graph Pad Prism 6 for windows) followed by Tukey's post hoc test, and the level of *P* \< 0.05 was considered significant between the treated and untreated groups. In gene expression analysis, differences in relative expression were analyzed using Student's t test.

RESULTS {#sec1-3}
=======

 {#sec2-2}

### Effect of saffron ethanolic extract on plasma biochemical factors {#sec3-9}

The alteration of fasting blood glucose and insulin levels in the normal and diabetic rats is depicted in [Table 2](#T2){ref-type="table"}. High plasma level of glucose and low level of insulin was measured in diabetic rats as compared with healthy control rats. Treatment with SSE especially in high dose significantly reduced the plasma glucose concentration (8.3 ± 0.4 mmol/L) close to the records in the normoglycemic rats (7.4 ± 0.4 mmol/L). Moreover this treatment significantly increased insulin levels in the blood of diabetic rats (12.7 ± 0.6 mmol/L) compared with diabetic control group (7.1 ± 0.3 mmol/L) (*P* \< 0.05). This effect of SSE notably in high dose was similar to glibenclamide ([Table 2](#T2){ref-type="table"}). HOMA-β cell function represented reduced beta cell function in diabetic control group, which markedly increased to normal value after treatment with different doses of SSE ([Table 2](#T2){ref-type="table"}).

###### 

Effects of saffron stigma extract on biochemical parameters of streptozotocin-induced diabetic rats. Data are expressed as mean ± SD of seven animals in each group. \* Indicates significant differences compared to the diabetic control group (*P* \< 0.05*)*.

  Groups                              Healthy control   Diabetic control   Diabetic + SSE (25 mg/kg)   Diabetic + SSE (100 mg/kg)   Diabetic + glibenclamide
  ----------------------------------- ----------------- ------------------ --------------------------- ---------------------------- --------------------------
  FBS (mmol/L)                        7.4 ± 0.4\*       24.6 ± 1.2         8.9 ± 0.7\*                 8.3 ± 0.4\*                  7.9 ± 0.8\*
  Insulin (μU/mL)                     15.2 ± 0.7\*      7.1 ± 0.3          10.2 ± 0.5\*                12.7 ± 0.6\*                 13.9 ± 0.4\*
  HOMA-β cell function                77.9\*            6.7                37.7\*                      52.9\*                       63.1\*
  MDA (μmol/L)                        1.47 ± 0.5\*      4.3 ± 0.7          2.39 ± 0.3\*                1.82 ± 0.2\*                 1.65 ± 0.1\*
  Total antioxidant (μmol/L)          780 ± 14\*        550 ± 21           625 ± 18\*                  690 ± 16\*                   710 ± 15\*
  Number of pancreatic islets/cm^2^   43 ± 3.5\*        13 ± 1.8           21 ± 1.9\*                  29 ± 2.6\*                   34 ± 0.4\*

SSE, Saffron stigma extract; FBS, fasting blood glucose; MDA, malondialdehyde.

### Effect of saffron ethanolic extract on pancreatic islets count {#sec3-10}

The effects of SSE on pancreatic islets count are summarized in [Table 2](#T2){ref-type="table"}. The data showed a significant decrease in number of pancreatic islets in diabetic control group compared with normoglycemic group (*P* \< 0.05). SSE in specified doses increased β cells count. This effect was notable for high dose of SSE (100 mg/kg) and was similar to glibenclamide ([Table 2](#T2){ref-type="table"}).

### Effect of saffron ethanolic extract on oxidative stress status {#sec3-11}

The diabetic rats manifested significantly increased MDA levels and also significantly decreased total antioxidant power (*P* \< 0.05) compared to healthy control group. Treatment with saffron ethanolic extract significantly reduced the MDA level and also increased the total antioxidant power (*P* \< 0.05) ([Table 2](#T2){ref-type="table"}). Amelioration of lipid peroxidation and increase in antioxidant capacity was seen also in glibenclamide treated group. Consumption of the drug improved oxidative stress status to normoglycemic group ([Table 2](#T2){ref-type="table"}). Similarly SSE in high dose improved oxidative stress status.

### Effect of saffron stigma extract on transcriptional levels of HSF1, HSP27, and HSP70 {#sec3-12}

As indicated in [Fig. 1](#F1){ref-type="fig"}, comparing with the normal control, diabetic control illustrated a significant increase in pancreatic expression of mRNA levels of stress proteins up to three times for HSF1, HSP27, and HSP70 (*P* \< 0.05). The results demonstrated a significant reduction in mRNA levels of the mentioned genes in diabetic rats treated with SSE compared to the diabetic control (*P* \< 0.05). This downregulation showed a dose-dependent manner.

![Effects of saffron stigma extract (SSE) on the expression of HSF1, HSP27, and HSP70 in mRNA levels. Values are expressed as mean ± SD of three experiments and represented relative gene expression (target gene/β-actin). Significant differences are indicated in comparison with diabetic control group (\**P* \< 0.05 and \*\**P* \< 0.01). SSE, saffron stigma extract; HSF, heat shock factor; HSP, heat shock proteins.](RPS-14-255-g001){#F1}

### Effect of saffron stigma extract on transcriptional levels of glucokinase and glucose 6-phosphatase {#sec3-13}

As shown in [Fig. 2](#F2){ref-type="fig"}, there was an upregulation of G6Pase in liver tissue of diabetic rats compared with the healthy control. Treatment with SSA especially in high dose reduced (up to 3 times) G6Pase expression of the diabetic rats compared with diabetic control group (*P* \< 0.05). This downregulation had a dose-dependent fashion. Also, there was a significant decrease of GK gene expression in the liver tissue of diabetic rats compared with normal group. Treatment with SSE in high dose showed a significant increase (up to 2 times) in the expression of GK compared to the diabetic control group (*P* \< 0.05) ([Fig. 2](#F2){ref-type="fig"}).

![Effects of SSE on the gene expression of GK and G6Pase. Values are expressed as mean ± SD of three experiments and represented relative gene expression. Significant differences are indicated in comparison with diabetic control group (\**P* \< 0.05 and \*\**P* \< 0.01). SSE, saffron stigma extract; GK, glucokinase; G6Pase, glucose-6-phosphatase.](RPS-14-255-g002){#F2}

DISCUSSION {#sec1-4}
==========

In this study, we showed that SSE reduced transcription levels of stress proteins in pancreas tissue of diabetic rats. Also ethanolic SSE was able to adjust key enzymes of glucose metabolism. The results of the present study revealed that alcoholic extract of saffron ameliorates hyperglycemia and related oxidative stress status. Several studies have demonstrated that diabetes is associated with oxidative stress; therefore, agents with high antioxidant properties may have beneficial potential for diabetes therapy ([@ref2][@ref5][@ref6]). Numerous studies on medicinal properties of saffron have proved its potent antioxidant properties ([@ref25][@ref26][@ref27][@ref28]). The present study in line with the others also suggests that saffron can significantly increase the total antioxidant capacity and reduce peroxidation of lipids ([@ref29][@ref30][@ref31]). Pancreatic islets assay revealed significant decrease of β cell count in diabetic control group that had been improved by SSE treatment. HOMA-β showed decline in β cell function in diabetic control group resulting in high glucose level and related oxidative stress. The plasma glucose lowering effect of SSE could be a result of regulation of pancreatic islets in these groups. Saffron stigma may be helpful in regeneration of β cells in pancreas following improvement of β cells function. Reduced expression of pancreatic stress proteins in SSE treated groups, revealed amelioration of oxidative stress in pancreas tissue resulting in regeneration of pancreas islets. In this era, our results in line with kang *et al*., study ([@ref25]) suggest that saffron can strongly increase insulin secretion, sensitivity, and glucose uptake.

Considerable evidence suggested that HSPs play crucial roles in maintaining cellular homeostasis and protecting the cells against stress ([@ref23][@ref24][@ref25][@ref26][@ref27][@ref28][@ref29][@ref30][@ref31][@ref32][@ref33][@ref34]). In response to the stressful conditions such as heat shock, hypoxia, hydrogen peroxide, uncoupled oxidative phosphorylation, reactive oxygen species, infection (endotoxin), and inflammation, these proteins are upregulated and act as chaperones to prevent protein misfolding ([@ref34][@ref35][@ref36][@ref37]). Our results are compatible with our previous studies demonstrated that the expression of HSF1, HSP27, and HSP70 increased significantly in the pancreas of diabetic rats ([@ref11][@ref12]). Based on literature, regulation and expression of HSPs in diabetes have a tissue-specific manner ([@ref38]). Increased expression of HSPs in pancreas tissue may be attributed to the need for protection from the exocrine pancreatic enzyme, trypsin. HSP70 prevents the activation of trypsinogen, and thus cellular auto digestion by trypsin ([@ref39]).

The data obtained here, supported antioxidant potential of saffron extract which reduced HSPs expression in pancreas of treated diabetic groups that could be the result of improvement of oxidative stress status in response to saffron. We showed this effect was dose-dependent and in high dose, saffron ethanolic extract had a similar behavior to glibenclamide.

GK and G6Pase are important enzymes in regulation of glucose metabolism. We suggested that SSE may reduce blood glucose by increasing the expression of GK and decreasing that of G6Pase. The gene expression results obtained from current study is in agreement with our previous studies ([@ref11][@ref12]) that showed significant decrease in the GK expression and a significant increase in G6Pase expression of diabetic group. The results of the current study demonstrated a significant reduction in G6Pase expression among diabetic rats treated with SSE compared with control group in a dose-dependent manner. Our results also revealed treatment of diabetic rats with SSE significantly increase the expression level of GK that could be specific target for more investigation. According to these results, it seems gluconeogenesis pathway (G6Pase) most affected by diabetes than glycolysis pathway (GK) and treatment procedure could improve gluconeogenesis better than glycolysis. Consumption of SSE at 100 mg/kg for 21 days had a similar effect to glibenclamide that could be mentioned in pharmacotherapy of diabetes.

CONCLUSION {#sec1-5}
==========

To put it in a nutshell, the result of the current study illustrated that ethanolic SSE could ameliorate oxidative stress in STZ-diabetic rats resulting improvement of pancreatic islets regeneration and function. Reduced levels of stress proteins and improvement of glycolysis pathway in treated diabetic rats confirmed antioxidant potential and hypoglycemic effect of saffron. It seems that evaluating the stress protein and key enzymes at the protein level using western blotting assay, provide us more accurate evaluation at molecular level.
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